
UNCLASSIFIED

Defense Technical Information Center
Compilation Part Notice

ADPO 11218
TITLE: Low-Coherence Interference Microscopy at High Numerical
Apertures

DISTRIBUTION: Approved for public release, distribution unlimited

This paper is part of the following report:

TITLE: Optical Sensing, Imaging and Manipulation for Biological and
Biomedical Applications Held in Taipei, Taiwan on 26-27 July 2000.
Proceedings

To order the complete compilation report, use: ADA398019

The component part is provided here to allow users access to individually authored sections
f proceedings, annals, symposia, etc. However, the component should be considered within

[he context of the overall compilation report and not as a stand-alone technical report.

The following component part numbers comprise the compilation report:
ADPO11212 thru ADP011255

UNCLASSIFIED



Invited Paper

Low-coherence interference microscopy at high numerical
apertures

C. J. R. Sheppardab, M. Roya and P. Svahna,c
aDepartment of Physical Optics, School of Physics A28,

University of Sydney, NSW 2006, Australia

bAustralian Key Centre for Microscopy and Microanalysis,

University of Sydney, NSW 2006, Australia

CDepartment of Physics II, Royal Institute of Technology, Stockholm, Sweden

ABSTRACT

A white-light Linnik interference microscope using high numerical aperture optics has been constructed.
The system uses a tungsten halogen source and K6hler illumination with separate control over field and

aperture stops, so that experiments can be conducted with a range of different operating conditions.

Infinity tube length objectives are used in the two arms. Images are recorded with a CCD camera.
Different algorithms have been investigated for extraction of information from the image data. These are

based on phase stepping, which is achieved based on the principle of the geometric phase, using a

polarizing beam splitter, a quarter wave plate and a rotating polarizer. Image information extracted from
the visibility of the fringes and also from the phase of the interference fringes has been investigated.

Keywords: Low-coherence interferometry, optical coherence tomography, coherence-probe microscope,
white-light interferometry, phase-shifting, geometric phase, surface profiling.

1 INTRODUCTION

Recently white-light interferometry (WLI) has grown in importance in a variety of applications documented by various
authors. These iclude 3-D imaging for medical diagnostics using optical coherence tomography (OCT), 1,2 in optical
fibre sensors 3 -5 and in a surface profiling techniques using coherence probe microscopy (CPM). 6 - 1 1 It has many
advantages over the conventional (monochromatic) interferometric techniques. The most promising property of WLI is
that it can overcome the ambiguity problems, inherent to monochromatic interferometric systems. WLI systems have
a virtually unlimited unambiguous range, so that surfaces can be measured without using phase unwrapping
techniques. Another important characteristic of WLI is its optical sectioning property. This is due to the short
coherence length of the source, so that the interference term is appreciable only for a short range of depths, and hence
an optical section is extracted which allows three-dimensional images to be formed.

In this technique the images are produced by scanning the object in depth and calculating the degree of coherence
(visibility peak) between corresponding pixels in the object and reference image planes. In OCT this is done using
heterodyning techniques. A single point is observed and an image built up by scanning. In our work, as in CPM, a
complete two-dimensional image is observed using a CCD detector. While various digital filtering techniques have
been used to recover the fringe visibility curve, they tend to be numerically intensive. The use of conventional phase-
shifting technique to simplify the processing is complicated by the fact that the phase shift introduced by changing
the optical path is wavelength dependent, leading to systemic errors in the fringe visibility. An alternative way to
achieve phase shifting is by means of the geometric phase (Pancharatnam phase). 12 , 13 This is the phase shift
experienced by a light beam as a result of a cyclic change in its state of polarization. Because the geometric phase is
a topological phenomenon, it is, in principle, independent of the wavelength.
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2 EXPERIMENTAL SET-UP

A schematic diagram of the white-light interference microscope is depicted in Fig. 1. A tungsten halogen lamp (12V,
100W) is used as a source. The linearly polarized beam transmitted by the polariser is divided at the polarising beam
splitter into two orthogonally polarised beams which are focused on to a reference mirror and a specimen by two
identical infinity tube-length 40X microscope objectives with numerical aperture 0.75. After reflection at the reference
mirror and object these beams return along their original paths to a second beam-splitter which sends them through a
second polarizer to the CCD camera.
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Fig. 1. The white-light interferometric microscope

The phase difference between the beams was varied by a Geometric Phase-Shifter (GPS) consisting of a quarter-wave
plate (QWP) with its axis fixed at an azimuth of 45°, and a polarizer which can be rotated by known amounts. In this
case, if the polarizer is set with its axis at an angle 0 to the axis of the QWP, the linearly polarized beam reflected
from the reference mirror acquires a geometric phase shift equal to 20. The orthogonally polarized beam from the

specimen acquires a geometric phase shift equal to -260, so that the additional phase difference introduced between

the two beams is 40. This additional phase difference is very nearly independent of the wavelength.

A 3mW He-Ne laser is also provided. Since the coherence legth of the laser is much longer than that of the white-
light source, the laser is used for finding the interference fringes.

The operation of the achromatic phase shifter was verified by observation of the fringe system obtained by tilting the
reference mirror slightly and by using a mirror as a test surface. With monochromatic illumination, rotation of the
polarizer resulted in a continuous movement of the interference fringes across the field of view. When the direction of
rotation of the polarizer was reversed, the fringes moved continuously in the opposite direction.

To illuminate the object uniformly, a Koehler illumination system is used, consisting of lenses L1-L4 together with a
microscope objective. This system allows separate control of both the illumination aperture stop and the field stop.
Stopping down the illumination aperture allows the system to be operated as a conventional interference microscope.
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Reducing the field of view keeps the scattered light collected by the detector to a minimum and keeps specimen
heating to a minimum. Field of view of the system is 25ltm X 43j.ti.

The object is scanned along the z axis by means of a piezoelectric transducer (PZT) over a range of 5jim centred
approximately on the zero-order white light fringe. At each step, three, four or five measurements were made of the
intensity, depending on which phase-shifting algorithm was used. We obtained best results with the five-step
algorithm. Since the additional phase differences introduced by the GPS are the same for all wavelengths, the
visibility of the interference fringes at any given point in the field can be extracted. The visibility falls off as a result
of both the coherence length of the source and the correlation effect, 8 which give similar sectioning to that in confocal
microscopy.

When observing a surface structure, for example an integrated circuit, as specimen, the surface height can be
extracted by finding for each pixel the peak of the visibility variation. This can be done by various algorithms. We
found a good algorithm was to fit a parabola through three points. Surface height can also be determined from
observation of the phase of the interference fringes.

3. DISCUSSION

We have shown the successful use of GPS for white-light interferometric surface profiling on a microscopic scale. The
range of surface height that can be profiled with this technique is limited only by the characteristics of the PZT used
to translate the specimen along the z axis and the available computer memory. However, since the steps between
height settings at which data have to be taken can correspond to changes in the optical path difference of the order of
a wavelength or more, a much smaller number of steps are required to cover a large range of depths than for
conventional WLISP.

Phase shifting at each step can be carried out rapidly in an actual contouring system, by replacing the rotating HWP
plate in the phase shifter with a pair of Ferro-electric Liquid Crystal (FLC) devices. With these devices, it is possible
to implement the phase shift at each step within a few milliseconds making this only a small time penalty compared
to the 40ms video frame period. Eventually, this will allow acquisition of the intensity data much more rapidly than
any scheme using PZT phase stepping alone.
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